Sleep deprivation represents a common type of stress that can, when extreme, lead to psychological and physiological damage, and even death, in experimental animals.
Sleep deprivation represents a common type of stress that can, when extreme, lead to psychological and physiological damage, and even death, in experimental animals. 1) After a period of intermittent rapid eye movement sleep deprivation (REMSD) (72-96 h), rats stay awake for approximately 30 min, and during this period display hyperactivity, irritability, aggressiveness, and hypersexuality.
2) Recently, we showed in mice that 5 days' intermittent REMSD (20 h/d) results in explosive jumping behavior. This behavior was antagonized dose-dependently and significantly by treatment with atomoxetine (0.41-0.55 mg/kg, subcutaneously (s.c.)), which is used clinically to treat the symptoms of attention deficit/hyperactivity disorder (ADHD), 3) raising the possibility such jumping behavior may serve as a useful animal model of ADHD. Moreover, there may be a positive association between this animal model and a hyperfunctional status of noradrenergic systems since the firing of noradrenergic neurons in locus ceruleus (LC) continuous during rapid eye movement (REM) sleep deprivation. [4] [5] [6] ADHD is a childhood psychiatric disorder characterized by the presence of symptoms in three domains: inattention, impulsivity, and motor overactivity. 7) It has been suggested that these symptoms may be due to a combination of alerting deficits and executive-control deficits involving the prefrontal cortex. 8, 9) Although existing studies contain several inconsistencies, on balance the evidence supports dysfunctions of the fronto-striatal neuronal circuits regulated by dopaminergic and noradrenergic afferents, with resultant executive deficits in cognitive functioning. [7] [8] [9] [10] The stimulants amphetamine and methylphenidate, which are indirect agonist that increase extracellular monoamine concentration by inhibiting reuptake and/or promoting release, are the primary treatment for ADHD.
11) The efficacy of stimulants suggests that dopaminergic and/or noradrenergic dysregulation contribute to the expression of ADHD, while diversity in psychostimulant response suggests that the ADHD is not attributable to any single pathophysiologic mechanism. In the absence of specific therapeutic targets, the treatment strategy progresses from stimulant to non-stimulant drugs. 12) Atomoxetine is a non-stimulant drug and a selective inhibitor of the presynaptic noradrenaline (NA)-reuptake transporter (NAT). Indeed, it has an approximately 300-fold selectivity for NAT over the dopamine (DA)-uptake transporter (DAT), a finding that has increased interest in the role of NAT and noradrenergic systems in ADHD. 13) In the frontal cortex, NAT density is higher than DAT density, [14] [15] [16] and NAT blockade by atomoxetine is thought to block sequestration of DA into NA neurons. 13) Moreover, NAT is poorly expressed in the striatum, in contrast to its robust expression within the frontal cortex.
13) The above findings suggest that the therapeutic effects of drugs that block NAT are mediated by increasing both NA and DA in noradrenergic terminal areas such as the frontal cortex (versus the striatum).
The aims of the present study, on mice, were to investigate (a) whether intermittent REMSD induces changes in the levels of monoamine-related substances [noradrenaline (NA), methoxyhydroxyphenylglycol (MHPG, a NA metabolite), dopamine (DA), dihydroxyphenylacetic acid (DOPAC, a DA metabolite), and homovanillic acid (HVA, a DA metabolite)] in the frontal cortex and striatum, and (b) the effects of atomoxetine treatment on such changes.
MATERIALS AND METHODS

Animals
Male ddY-strain mice (Japan SLC, Hamamatsu, Japan) weighing 19-21 g were used in all experiments. They were given standard food and tap water ad libi- Intermittent REMSD Treatment Mice were deprived of REM sleep intermittently by the small-platform method, as described by Niijima et al. 3) In brief, a small platform (4.5 cm high, 1.8 cm diameter) fixed to the center of a plastic cage (22.0 cmϫ15.0 cmϫ12.5 cm) was surrounded with water 3.5 cm deep. Mice were placed individually on the platform within the plastic cage, and were housed therein for 20 h once a day with food and water being supplied ad libitum. After such REMSD treatment for 20 h, each mouse was placed individually in a normal plastic cage and allowed 4 h of rest for that day. This schedule was repeated for 5 d. Tankcontrol (TC) animals were submitted to the same procedure, except that the platforms were 10 cm in diameter. Cage-control (CC) animals were housed in groups in plastic cages (32.0 cmϫ21.0 cmϫ12.5 cm).
Determination of Neurotransmitter Concentrations The determination of neurotransmitter concentrations was carried out essentially by the method described by Saito et al. 17) Briefly, immediately after the end of the intermittent REMSD treatment, mice were injected with atomoxetine or saline and placed individually in the home cage. Thirty five minutes later, each mouse was killed by microwave irradiation (4 kW, 1.2 s; Model TMW-6402A; Toshiba, Tokyo, Japan). Brains were removed and two brain regions (frontal cortex and striatum) were dissected out, as previously described by Glowinski and Iversen.
18) The dissected tissues were quickly frozen on dry ice, weighed, and stored in a 1.5 ml microtube at Ϫ80°C until extraction. Tissues were then homogenized for 10 s using an ultrasonic cell disruptor (Model 200; 60 W, 50% pulsed power; Branson, Danbury, CT, U.S.A.). This was done in ice-cold 0.05 M perchloric acid (PCA) solution (400 ml for striatum, 200 ml for frontal cortex). Homogenates were centrifuged at 12000ϫg for 15 min at 4°C, and the clear supernatants were decanted and filtered through a 0.45-mm filter (Type HV; Nihon Millipore, Yonezawa, Japan), then stored at Ϫ80°C until assayed. The filtrate was used for quantification of NA (Wako Chemicals, Osaka, Japan), MHPG (Sigma, St. Louis, MO, U.S.A.), DA (Kanto Chemicals, Tokyo, Japan), DOPAC (Aldrich, Milwaukee, WI, U.S.A.), and HVA (Sigma, St. Louis, MO, U.S.A.) by HPLC coupled with coulometric detection. The HPLC system consisted of a solvent delivery pump (Model EP-10S; Eicom, Kyoto, Japan), an autosampler (Model AS-4000; Hitachi, Tokyo, Japan), and an analytical column (C18 Ultrasphere; 75 mmϫ4.6 mm i.d., 3-mm particle size; Beckman, San Ramon, CA, U.S.A.) protected by a guard column (Eicom prepak; 5 mmϫ4.6 mm i.d., 7-mm particle size, Eicom, Kyoto, Japan). The ESA model 5100A Coulochem electrochemical detection system (ESA Inc., Bedford, MA, U.S.A.) consisted of a model 5021 conditioning cell (detector setting, ϩ0.4 V) followed by a model 5011 dual electrode analytical cell (cell 1, ϩ0.02 V; cell 2, Ϫ0.3 V). These oxidative and reductive potentials were set on the basis of the current-voltage curves published by Kurata et al. 19) and Takeda et al. 20) The output signal from the final electrode was amplified by the 5100A controller and relayed to an integrator (Model C-R6A, Shimadzu, Kyoto, Japan). 
RESULTS
Influence of Intermittent REMSD over Concentrations of Monoamines and Their Metabolites in Frontal Cortex and Striatum
The concentrations of NA and its metabolites in the frontal cortex and striatum are given for the various groups in Table 1 . Five days' intermittent REMSD significantly elevated the MHPG concentrations in the frontal cortex (versus both the TC-saline group and the CC-saline group) and striatum (versus the CC-saline group). The concentration of NA in the striatum was significantly higher in the REMSD-saline and TC-saline groups than in the CCsaline one. The NA level in the frontal cortex of REMSD mice tended (non-significantly) to be lower than that in TC mice, but higher than that in CC mice (by 11% and 12%, respectively). As shown in Table 2 , the DA level in the frontal cortex of REMSD mice tended (non-significantly) to be higher than that in CC mice. The effects of intermittent REMSD on the MHPG/NA ratio in the frontal cortex and striatum are depicted in Fig. 1 . The MHPG/NA ratio in the frontal cortex was significantly higher in the REMSD group than in either the TC-saline or CC-saline groups. In contrast, Table 1 the striatal MHPG/NA ratio was significantly lower in the TC-saline groups than in the CC-saline one. The MHPG/NA ratio in the striatum of REMSD mice tended (non-significantly) to be lower than that in CC mice, but higher than that in TC mice. As shown in Figs. 2 and 3 , the DOPAC/DA and HVA/DA ratios in the frontal cortex were each significantly lower in the REMSD-saline group than in the CC-saline group. In the striatum, there were no significant differences in DOPAC/DA or HVA/DA ratios between REMSD mice and either CC-saline or TC-saline mice.
Effects of Atomoxetine on the Changes Induced in the Concentrations of Monoamines and Their Metabolites in Frontal Cortex and Striatum by Intermittent REM-Sleep Deprivation
We previously demonstrated that atomoxetine treatment at a dose of 0.55 mg/kg (s.c.) significantly reduces the jumping behavior induced in mice by intermittent REMSD (Niijima et al. 3) ). In CC mice: both (a) the MHPG/ NA ratio in the frontal cortex and (b) the MHPG content, MHPG/NA ratio, DA, and HVA levels in the striatum were significantly lower in the atomoxetine (0.55 mg/kg)-treated group than in their saline-treated controls (Tables 1, 2 and Fig. 1 ). Next, we examined the effects of atomoxetine on those variables that were altered by REMSD. In the frontal cortex of REMSD mice, the MHPG content and MHPG/NA ratio (but not the DOPAC/DA ratio or HVA/DA ratio) were significantly lower in the atomoxetine (0.55 mg/kg)-treated group than in their saline-treated controls (Table 1 and Figs.  1-3 ). In the striatum of REMSD mice, the MHPG content, and was significantly lower in the atomoxetine (0.55 mg/kg)-treated group than in their saline-treated controls (Tables 1, 2 and Fig. 1 ).
DISCUSSION
Statistical analysis of the present neurochemical data revealed significant effects of intermittent REMSD on (a) the MHPG concentration, MHPG/NA ratio, DOPAC/DA ratio, and HVA/DA ratio in the frontal cortex, and (b) the NA and MHPG concentrations in the striatum (in each case, versus CC mice). The factors responsible for these alterations in monoamine levels in the frontal cortex and striatum cannot be determined from the present study. Previous studies have shown that a certain amount of stress is associated with the introduction of rats into a water-tank environment, regardless of pedestal size. 21, 22) In the present study, we tried to exclude this confounding factor by including a stress-control group (viz. the TC group). It is important to emphasize that the nonspecific stress associated with the methodology employed here for "REM-sleep deprivation" presumably had robust effects on neurotransmission within the brain that could have masked some of the specific effects of REMSD. However, in the present study the differences detected between the REMSD mice and the TC and CC groups (in the levels of MHPG and MHPG/NA ratio in the frontal cortex) can probably be attributed to prolonged, intermittent REM sleep deprivation and not to a continuous deprivation of sleep per se.
In rats, the LC consists principally of NA-containing neurons that project to many brain regions.
23) The discharge activity of these neurons is highest during waking, decreases during slow-wave sleep, and is virtually absent during REM sleep. [4] [5] [6] In the absence of REM sleep, these neurons fire continuously, resulting in reduced receptor sensitivity 24, 25) and changes associated with NA synthesis and metabolism. 26, 27) Actually, the turnover and metabolism of NA are elevated both during and after REMSD. [26] [27] [28] The activity of tyrosine hydroxylase (TH), the rate-limiting enzyme in catecholamine synthesis, is high in the whole brain after 96 h of REMSD, 29) and some increases in TH mRNA and/or NAT mRNA have been noted in the LC in rats exposed to 3 d of REMSD. 26, 30) Thus, there are a substantial number of reports indicating that REMSD induces alterations in the levels of monoamines and their metabolites in different functional regions of the rat brain. The data presented here demonstrate both that the MHPG level and the MHPG/NA ratio are elevated in the frontal cortex of the intermittent REM sleep-deprived mouse, consistent with there being an enhanced NA turnover related to the hypernoradrenergic state expected to be caused by a continuous firing of LC neurons.
In the present biochemical experiment, the NA concentration and MHPG/NA ratio in the striatum were increased and decreased, respectively, in the TC mice (versus CC mice). The factors responsible for these changes in the TC mice cannot be determined from the present study. One possible mechanism may depend on the close link between activation of the hypothalamic-pituitary-adrenal axis by stress and stimulation of various neurotransmitter systems. [30] [31] [32] Previously it was shown that serum corticosteron levels are high in animals placed on small and large platform. 26) Therefore, increase in NA concentration and the decrease in MHPG/NA ratio in the striatum in the TC group might be a neurochemical correlate of the emotional arousal produced in our mice by the changes they experienced in environmental stimuli, irrespective of their aversive (REMSD) or nonaversive (TC) nature.
Dopamine transmission is traditionally associated with motor function. Brock et al. 21) reported that 4 days' REMSD in rats is associated with a significant increase in the density of DA receptors in the frontal cortex, indicating that DA activity may be decreased in this region. The dopaminergic innervation of the frontal cortex appears to have an inhibitory influence on the subcortical dopaminergic neuronal systems since reductions in prefrontal dopaminergic activity result in an increased activity or enhanced sensitivity of the subcortical systems. [33] [34] [35] [36] [37] In fact, the present results showed significant decrease in both the DOPAC/DA ratio and HVA/DA ratio in the frontal cortex, and an increase tendency of the DOPAC concentration in the striatum in the REMSD group (versus the CC group). Thus, a hypofunctional status of the dopaminergic systems in the prefrontal cortex of the REMSD group may be associated with an increased activity of the relevant subcortical structures, and we speculate that such a mechanism may be involved in the development of locomotor sensitization (e.g., jumping behavior).
Several lines of research suggest that ADHD symptoms may be due to an imbalance between noradrenergic and dopaminergic systems within the frontal cortex, with inhibitory dopaminergic activity being decreased and noradrenergic activity increased relative to control. 9) Our results show that significant decrease in DA turnover in the frontal cortex in the REMSD group (versus the CC), and significant increase in NA turnover in the frontal cortex in the REMSD group (versus both the TC-saline group and the CC-saline group). These findings may support our assumption that abnormalities in catecholaminergic regulation, especially the existence of hypernoradrenergic and/or hypodopaminergic states, are implicated in the jumping behavior induced by intermittent REMSD treatment (as a model of ADHD).
The present data indicate that in our CC mice, atomoxetine decreased MHPG/NA in the frontal cortex, and MHPG, MHPG/NA, DA, and HVA in the striatum. Swanson et al. 38) noted that administration of the a2-adrenergic antagonist idazoxan after atomoxetine resulted in an increase in prefrontal cortical NA efflux that was greater than that seen with either compound alone, indicating an attenuating effect of adrenergic autoreceptors on NA efflux. Further, a dual-probe microdialysis study demonstrated that in rats, the NA-reuptake blocker desipramine inhibits NA reuptake at the somatodendritic and nerve terminal levels in noradrenergic cells. 39) An increase in NA dialysate in the LC inhibited noradrenergic activity, which would to some extent counteract the effects of desipramine on cortical areas, and modulation of cortical NA release by an action of desipramine the somatodendritic level was found to be mediated through a2-adrenoceptors located within the LC. 39) In vivo microdialysis studies in anesthetized rats have also shown that after extensive denervation of the LC, there is a significant reduction in DA overflow within the striatum. 40, 41) These findings suggest that the differences we detected between the saline-treated CC group and the atomoxetine-treated CC group (see above) may be related to stimulation of the a2-receptor by increased NA levels in the frontal cortex and LC after atomoxetine treatment.
The increases in MHPG in the frontal cortex and the striatum and MHPG/NA ratio in the frontal cortex induced by intermittent REMSD in our mice were decreased by atomoxetine. Basheer et al. 30) showed that REMSD resulted in increased levels of TH mRNA and NAT mRNA in LC, indicating that REMSD might be due to increased activity of the LC neurons resulting in enhanced synthesis and release of NA at synapse which in turn results in increased expression of the transporter. Further, Asakura et al. 42) found that REMSD enhances the sensitivity of the a2-adrenoceptor. These findings suggest that stimulation of the a2-receptor by the increased NA level present after atomoxetine treatment may be causally related to this drug's attenuation of the hyperadrenergic state shown to be induced by intermittent REMSD treatment in our study.
In conclusion, we found that 5 days' intermittent REMSD treatment in mice induced hypernoradrenergic and hypodopaminergic states within the frontal cortex. These results are in line with hypotheses regarding the mechanisms underlying ADHD. In addition, the observed inhibitory effect of atomoxetine on the hypernoradrenergic state may support our previous finding of an inhibitory effect of this drug on the jumping behavior induced by intermittent REMSD treatment.
